which can be competitive with commercialized solar cells, device and materials stabilities of PSCs are not yet satisfactory. CH 3 NH 3 PbI 3 (MAPbI 3 ) is one of the most studied perovskite materials, and the degradation mechanisms of MAPbI 3 extend to several factors. First, moisture from atmosphere destroys the perovskite structure due to the high organic reactivity of MAPbI 3 , which implies that devices cannot operate under highly humid conditions. [12] [13] [14] [15] Second, light is a critical degradation factor for the PSC operation. With photons absorbed, several chemical modifications occur inside the perovskite material, such as and peroxide formation, leading to degradations of the perovskite material and devices. [1, 15, 16] Lastly, thermally induced degradation can occur while the device is under operation conditions (≈90 °C), because MA + in MAPbI 3 is sensitive to heat energy due to its high reactivity and volatility. [17] [18] [19] [20] [21] To prevent the degradation of MAPbI 3 , various techniques have been introduced by the modification of halide, metal, and organic substitutions. Sang Il Seok's group introduced halide substitution with Br to obtain high stability of PSC by increased bond energy and reduced distortion of the octahedron framework. [21] Since then, various anions, such as Cl, NO 3 , OAc (OAc = CH 3 CH 2 COO − ), etc., have been introduced into the perovskite to reduce material defects and enhance the device stability. [22] [23] [24] [25] Moreover, metal substitution in the perovskite has been widely investigated using Bi, Sn, Sb, etc. [26] [27] [28] [29] While organic-cation modifications have been actively explored to improve the stability of PSCs, [30] [31] [32] [33] [34] substitution of the cation is relatively limited due to its size within the ABX 3 lattice, sometimes leading to phase transformations from a 3D to 2D perovskite, and resulting in a high band gap and poor solar cell device performances. [34] [35] [36] Therefore, exploring an ideal cation with superior stability and device performance is a key challenge at the current stage.
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While passivation of imidazolium cation in perovskite has been recently reported to improve the crystallinity and light stability, [37] alloying effect and device stability are to be explored and improved. Herein, we demonstrate imidazole-soluted perovskites to increase both the PCE and stability of PSCs. Imidazole (IZ) has a reasonable ionic radius of 258 pm with an aromatic structure, allowing good solid solution with MAPbI 3 .
Studies of organometallic perovskite solar cells have remarkably progressed within several years, but there still remain concerns of poor stability and insufficient power conversion efficiency (PCE). To overcome these limitations, modification of the perovskite material should be addressed. Herein, imidazole (C 3 H 4 N 2 ) is demonstrated as an A-site solute for the conventional methyl-ammonium lead iodide (CH 3 NH 3 PbI 3 ). As an aromatic hydrocarbon and diamine species with a small ionic radius, imidazole is appropriately alloyed and the bond interactions within the ABX 3 lattice are increased. Also, the nature of delocalized π bonding and the unique structure of imidazole allow the formation of an unprecedented kind of hybrid perovskite exhibiting favorable band alignment and optical propertie with high electrical conductivity. Optimal content of imidazole incorporated into CH 3 NH 3 PbI 3 with architectural optimization of the device leads to improved PCEs approaching 20.2% (reverse) with small hysteresis (forward PCE = 19.0%). Furthermore, properly alloyed imidazole into the A-site of CH 3 NH 3 PbI 3 leads to extra stability against air, light, and heat. Lastly, devices with a large active area of 2 cm 2 exhibit PCEs as high as 16.8%, further addressing the effect of imidazole on the formation of high quality nanostructured perovskite and devices.
Introduction
Perovskite solar cells (PSCs) have been introduced with enormous attention due to its advantages of low fabrication cost and high efficiencies, with intrinsic characteristics of appropriate electronic structures, small exciton binding energy, and balanced ambipolar charge transport properties, yielding a high power conversion efficiency (PCE) of 23.3% in 2018. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Although pioneer researches have established high PCEs www.advancedsciencenews.com www.small-methods.com
Moreover, the diammonium molecule can provide additional hydrogen bonding for a stable material, [38] [39] [40] and due to the delocalized π orbital of IZ with hydrogen bonding in a I-Pb cage, it may allow low reactivity with its surroundings leading to additional electrical conductivity. Thereby, the devices with IZ-alloyed MAPbI 3 have achieved reverse PCEs up to 20.2% with outstanding stability from light-, air-, and heat-induced environments. Furthermore, devices with IZ solute in MAPbI 3 are measured with a large active area of 2 cm 2 and exhibited a high PCE of 16.8%, suggesting IZ alloying is an ideal strategy for high quality devices.
Results and Discussion
Stability issues of organometallic perovskite cells are one of the major limitations for commercialization, due to the volatile and reactive nature of organic cation MA. [17] [18] [19] Imidazole (IZ) has an aromatic structure, which allows high stability due to the delocalized bonding within the molecule. Also, IZ contains diammonium network, allowing additional hydrogen bonding within the PbI 6 4− framework (N-H-I-Pb), and can stabilize the perovskite structure. [40] However, the size of IZ + (258 pm) is larger than MA + (217 pm), possibly leading to 2D perovskite formation. [37] Previously reported large cations (phenylethylamine, ethylamine, etc.) lead to the formation of 2D perovskites with poor device performance and high band gaps. [33] [34] [35] [36] To synthesize 3D perovskite structure, IZ should be properly alloyed with smaller molecules (MA) to satisfy Goldschmidt Tolerance Factor. [41] Additionally, recent studies suggesting the ideal design of perovskite for solar cells have shown that cationalloyed perovskite provides improved optoelectronic behavior with the advantages of bonding and conductive nature. [30,43a,b] Likewise, IZ has diamine and aromatic framework, guaranteeing the hydrogen bonding and conductivity improvements to increase the device performance. [30, 42, 44, 45] Therefore, IZ-alloyed MAPbI3 has a potential to outperform the pristine MAPbI3. Figure S1 (Supporting Information); synthesis temperature of ≈60 °C). Although IZ 2 PbI 4 exhibits a reasonable work function to operate the device, the perovskite turns into a 2D structure, and exhibits a very high band gap (≈2.88 eV) which is not suitable as a light absorbing material ( Figure S2 , Supporting Information). Therefore, IZ alloying (2.5%, 5.0%, and 7.5% IZ, molar percent) with MAPbI 3 leads to the formation of a new category of perovskite light absorbers with high stability and optoelectronic properties, while 10% of IZ has produced a secondary phase, as shown in Figure S3 in the Supporting Information. It should be noted that IZ was also soluted in FAPbI 3 and compared with the MAPbI 3 alloy ( Figure S4 , Supporting Information). As shown in Figure S4 (Supporting Information), diffraction peaks of FAPbI 3 and MAPbI 3 substituted with higher content of IZ are separated into individual peaks of ABX 3 and IZ 2 PbI 4 , indicating that alloying with high content of IZ is limited. Due to the high thermodynamic barrier of FAPbI 3 , [40] an FA-alloyed IZ 2 PbI 4 phase is likely to be produced, not IZ-alloyed FAPbI 3 (which is an unfavorable phase in photovoltaic research due to the production of a high band gap material).
Diffraction data confirm proper alloying of IZ in MAPbI 3 , with increment of the lattice parameter without any secondary phases (Figure 2a ; Figure S5 , Supporting Information). Moreover, the FTIR peaks in Figure 2b perovskites exhibit similar band gap, the highest absorption coefficient is obtained with the 2.5%-IZ alloying, which is correlated with the grain size (with scanning electron microscope (SEM) images illustrated in Figure S8 in the Supporting Information). We believe that IZ has not only increased the unit cell volume, but also possibly formed a 2D/3D hybrid structure, resulting in smaller grain sizes when the IZ content is higher than 2.5%. [43a,b] The aromatic structure of IZ is more electrically conductive than linear ones, [43] leading to the enhanced electrical conductivity by the incorporation of IZ, as shown in Figure 3c (also in Figure S9 in the Supporting Information), which guarantees sufficient charge transport and device operation. Furthermore, ultraviolet photoelectron spectroscopy (UPS) was conducted to understand the electronic structures of IZalloyed MAPbI 3 ( Figure 3d ). The work function decreases with the addition of IZ, which can provide a positive effect resulting in the increased open-circuit voltage (V oc ). Devices with different contents of IZ alloying in MAPbI 3 are analyzed to demonstrate the effect of IZ on the solar cell performance by using a TiO 2 -based mesoscopic device structure. The J-V curve with 2.5% IZ exhibits the highest PCE of 17.6 ± 0.3% by more than ten cells (Figure 4a ) (with the minimized J-V hysteresis from the 2.5%-IZ-soluted device in Figure S10 in the Supporting Information). Even though samples with 5.0% and 7.5% of IZ have also revealed promising improvements (with η = 17.0% and 14.7%, respectively), the enhanced electrical and optical properties have allowed the highest PCE with 2.5% IZ.
(Median PCE values are presented above, and reproducibility of devices are illustrated in Figure S11 (scan rate = 10 mV s −1 ) in the Supporting Information) The EQE results in Figure 4b again confirm the highest efficiency from improved carrier transport, and the integrated currents of all devices get close to their short-circuit current values.
Device stability under degrading conditions is another critical issue for practical perovskite solar cells. Air stability was tested for 30 days (≈55% relative humidity, without encapsulation) under dark (Figure 4c ), and as confirmed in Figure 2 (proper alloying) and Figure S6 (bonding nature, Supporting Information), nonvolatile and strongly-bonded IZ molecules protect the devices under the open O 2 and H 2 O degradation conditions. [12] [13] [14] Interestingly, Figure S12 (Supporting Information) illustrates the diffraction of IZ-soluted perovskite films after 30 days, and it shows traces of IZ 2 PbI 4 when 5.0% or 7.5% of IZ is soluted in MAPbI 3 . It is very exciting that small amounts of IZ 2 PbI 4 do not significantly reduce the device stability. The voltage-and light-induced degradation is also tested for 1000 s (Figure 4d , measured in air without encapsulation), due to the halide migration and electron/hole-transport layers.1, 15, 16 Devices with 2.5%, 5.0%, 7.5% of IZ-alloyed MAPbI 3 exhibit ≈80%, ≈85%, and ≈90% of the initial current, where the unalloyed device has only sustained ≈60%, again confirming the stability of IZ alloying in MAPbI 3 . Moreover, thermal stability of perovskite solar cells is measured at 100 °C for 6 h (Figure 4e ; Figure S13 (Supporting Information), heated in air without encapsulation). It should be noted that normal operating temperature of solar cells is ≈70 °C. [46] However, devices heating in air could be damaged by several factors, such as heated H 2 O and O 2 . Therefore, experiment is designed to an extreme condition (100 °C) to maximize the heat-induced environment within short time in air. In order to confirm the nonvolatile nature of IZ (boiling temperature of ≈240 °C) and strong bonding of IZ within the PbI 6 4− framework, bare and IZ alloyed perovskite powder are further analyzed with thermogravimetric analysis (TGA). Figure S14 reason in the PCE reduction, Figure S15 (Supporting Information) additionally confirms that there are visible deformations in hole transport material (HTM) and Au. For higher performance and stability, architectural modification of the device with SnO 2 (instead of TiO 2 as the electron transport layer for higher electron mobility) [15, 16, 47] is adapted, exhibiting an improved reverse PCE of 20.2% with a forward PCE of 19.0% in a planar structure, as shown in Figure 4f . Also, this device exhibits high stability over 120 s under steady-state current conditions. Moreover, a large area device [48] (cell area: 2 cm 2 ) is tested with 2.5% IZ, exhibiting a PCE of 16.8%, and the device stability is confirmed over 120 s under steady-state current conditions in Figure 5 . We believe that the aromatic molecule comprised of a multiamine-based cation can be one leading strategy for highly stable-and efficient perovskite solar cells.
Conclusions
Although perovskite solar cells have gathered enormous attention as next generation photovoltaics, stability issues should be resolved for future commercialization to become possible. Here, we straightforwardly introduced IZ as an attractive cation solute to obtain both high PCE and stability of the devices. Due to the unique properties, such as the aromatic and diamine network of IZ, it exhibited superior stability with improved electronic structures, allowing phase stabilization, and high electrical/optical properties. Also, devices with a large active area of 2 cm 2 exhibited PCEs as high as 16.8%. This facile diamine-based cation-alloying technique integrated into the well-known MAPbI 3 perovskite surely improved several critical requirements that the device requires to be practical for future potential photovoltaics.
Experimental Section
Synthesis of Imidazole-Soluted Perovskite: Imidazole (C 3 H 4 N 2 , Aldrich) was mixed with a hydrogen iodide solution (Aldrich) with a 3:1 molar ratio in a round-bottom flask at 0 °C for 2 h under stirring. After the solvent was evaporated at 70 °C for 12 h, the precipitate was washed with diethyl ether (Daejung) for six times. The precipitate was dried at 60 °C for 24 h in a vacuum oven to complete the synthesis of imidazolium iodide (C 3 H 5 N 2 I).
1.5 m of imidazolium iodide and PbI 2 (Alfa Aesar) were mixed in N,Ndimethylformamide (DMF, Aldrich)/dimethyl sulfoxide (DMSO, Aldrich) solution (volume ratio of 9:1) to prepare the stock solution of IZ 2 PbI 4 . Then, 1.5 m of MAI (Solaronix) and PbI 2 were mixed in the DMF/ DMSO solution (volume ratio of 9:1) to prepare the solution of MAPbI 3 . Lastly, 2.5%, 5.0%, and 7.5% (molar percent) of the IZ 2 PbI 4 solution were added to the MAPbI 3 solution to complete the preparation of the IZ-alloyed MAPbI 3 precursor solution.
Device Fabrication: For the TiO 2 -based mesoscopic devices, fluorinedoped tin oxide substrates (FTO, TEC 8:Pilkington) were cleaned by sonication in acetone (Daejung), ethanol (Daejung), and deionized (DI) water sequentially. The TiO 2 blocking layer (bl-TiO 2 ) was deposited by spin-coating a mixture solution of 0.15 m titanium diisopropoxide bis(acetylacetonate) (75.0 wt% in isopropanol, Aldrich) and 1-butanol (Aldrich), and the films were annealed at 150 °C for 30 min. Mesoporous TiO 2 (mp-TiO 2 ) paste (30NR-D, Solaronix) was diluted in ethanol (150 mg mL −1 ), and then spin-coated on a bl-TiO 2 /FTO substrate, and the films were annealed at 500 °C for 60 min. For the SnO 2 -based planar devices, indium-doped tin oxide substrates (ITO) were cleaned with the same step as FTO. Afterwards, a SnO 2 colloidal particle solution (15 wt% in water, Alfa Aesar) was diluted to 2.5% with DI water, and then spin coated on the ITO substrate followed by annealing at 130 °C for 30 min. The prepared IZ-alloyed MAPbI 3 solution was then spincoated at 3000 rpm for 20 s (with diethyl ether used as an antisolvent). The HTM was prepared by mixing 72.3 mg mL −1 of spiro-OMeTAD (Lumtec) in chlorobenzene (Aldrich) with 28.8 µL of tert-butylpyridine (Aldrich). Separately, another solution was prepared by dissolving bis(trifluoromethylsulfonyl)imide salt (Aldrich) in acetonitrile (Aldrich) with 520 mg mL −1 concentration. Then, 17.5 µL of prepared lithium bis(trifluoromethylsulfonyl)imide salt solution was transferred to spiroOMeTAD solution to complete the preparation of hole transporting material. The solution was deposited on a film with a spin-coating method. Finally, 100 nm thick Au electrodes were thermally evaporated.
Characterization: The field-emission scanning electron microscope (Merlin-Compact: Carl Zeiss) was used to observe the morphologies of MAPbI 3 . The phases of the synthesized samples were characterized by X-ray diffraction (XRD; D8 Advance: Bruker). FTIR (Nicolet iS50: Thermo Fisher Scientific) was conducted to characterize the organic bonding nature of the perovskite. To determine the work function of IZ-soluted perovskites, UPS was measured at beamline 4D of Pohang Light Source II (PLS II), Korea. The conductivity measurements were carried out by 4-point probe (CMT-SR1000N: Chang Min Co. LTD.) on the perovskite/glass substrate. The photocurrent-voltage (J-V) curves and steady-state current of MAPbI 3 perovskite solar cells were obtained with a potentiostat (CHI 608C; CH Instrumental Inc.) under AM 1.5 at 100 mW cm −2 (K3000; McScience Inc.). Active area of devices were defined using Al mask with 0.09 cm 2 square aperture, and an Si reference cell (K801S-K15; McScience Inc.) was used for calibration. The absorbance spectra of MAPbI 3 was recorded on a UV-vis spectrophotometer (Lambda 20; Perkin Elmer, calibrated with TiO 2 /glass substrate), and an external quantum efficiency (EQE) measurement system (K3100; McScience Inc.) was used to obtain the EQE spectra (calibrated with Si reference cell, S1337; Hamamatsu Photonics). Heat-induced degradation was measured with TGA (Discovery TGA: TA Instruments). Initial condition of samples and experiments were set as 25 °C with ≈55% humidity in air.
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